Abstract Selenium (Se) is an essential trace element, and
Introduction
As an essential trace element, the importance of selenium (Se) in humans is well established, and its deficiency has caused serious health effects in humans, such as Keshan disease. Foods are major natural source of Se, and its levels generally depend on soil Se levels. Since its discovery as an important component of antioxidant enzymes, such as glutathione peroxidase (GPx), thioredoxin reductase (TrxR) and iodothyronine deiodinases (IDD), there has been an increased interest in the study of other Se-containing proteins (selenoproteins) or enzymes (selenoenzymes) [1] . There are at least 30 selenoproteins that have been identified in mammals, and it has been estimated that humans have about 25 selenoproteins [2] . The functional roles of some of these selenoproteins are still not fully understood, even though they have been conserved throughout evolution because of their unique physio-chemical properties [3] . Because of their antioxidant activity, there has been a tremendous interest in the study of Se and its compounds in cancer chemoprevention, heart disease and immunity. This paper will review the metabolism of Se and its antioxidative roles in human health and diseases.
Selenium biochemistry and metabolism
Selenocysteine is recognised as the 21st amino acid, and it forms a predominant residue of selenoproteins and selenoenzymes in biological tissues. During protein synthesis, the selenocysteine residue is cotranslationally inserted and encoded by the UGA codon, which is normally associated with a termination codon [4, 5] . The molecular structure of selenocystiene is an analogue of cysteine where a sulphur atom is replaced by Se. Even though Se and sulphur share some similar chemical properties, there are also some differences. For instance, in the form of a selenoate anion, as a conjugated base of selenocysteine, Se is more stable than cysteine thiolate. Furthermore, Se as selenol (R-SeH; pKa 5.2) is more acidic than thiol (R-SH; pKa 8.5) and readily dissociated at physiological pH, which may contribute to its biological reactivity. In the body, both organic (selenocysteine, selenomethionine) and inorganic (selenite, selenate) Se compounds are readily metabolised to various forms of Se metabolites [6] . Of particular importance during this metabolic process is the formation of hydrogen selenide (H 2 Se) from selenite after the action of glutathione-coupled reactions via selenodiglutathione (GS-Se-SG) and glutathione selenopersulfide (GS-SeH). H 2 Se is further metabolised and involved in the formation of methylselenol and dimethylselenide, which are exhaled or secreted via the skin. Selenium is also excreted in urine as trimethylselenonium ion and selenosugar compounds [7] . Hydrogen selenide can also be used as a substrate for selenocysteine biosynthesis, directed by specific codon in proteins; however, this is not the case with selenomethionine where its incorporation into proteins is non-specific and random in place of methionine. The selenoenzymes that are found to have strong antioxidant activity include six groups of the GPx -GPx1, GPx3, GPx4, GPx5 and GPx6. These GPx play a significant role in protecting cells against oxidative damage from reactive oxygen species (ROS) and reactive nitrogen species (RNS), which include superoxide, hydrogen peroxide, hydroxyl radicals, nitric oxide and peroxynitrite [8, 9] . The other essential antioxidant selenoenzymes are the TrxR where they use thioredoxin (Trx) as a substrate to maintain a Trx/TrxR system in a reduced state for removal of harmful hydrogen peroxide [10, 11] . There are three types of TrxR that have been identified, and these include cytosolic TrxR1, mitochondrial TrxR2 and spermatozoa-specific TrxR, (SpTrxR) [12, 13] . Increasing evidence suggests that selenoprotein P may also play a significant role in antioxidant defense system in preventing attack from harmful ROS and RNS [14, 15] .
Selenium and heart disease
The increased production of ROS can exert oxidative stress in the physiological system, and if excess ROS are not properly regulated they can cause damage to cellular lipids, proteins and DNA. The damage caused by ROS has been linked to various human diseases, including heart diseases. The presence of ROS can also cause the oxidation of lowdensity lipoprotein (LDL),and it has been reported to be associated with initiation of atherogenesis in heart diseases [16] . One hypothesis is that the presence of high Se as antioxidant selenoenzymes and selenoproteins may help to reduce the production of oxidised LDL and, therefore, would reduce the incidence of heart diseases [17] . In animal studies, Se deficiency has been shown to downregulate the LDL-receptor, which is important in regulating the cholesterol level in plasma [18] . The presence of selenoprotein P, which is found mainly in plasma, may play a significant role in regulating the plasma cholesterol level by protecting LDL oxidation from ROS [19] . This study provides further evidence that selenoprotein P plays an important antioxidative role in protecting LDL from oxidation and the prevention of atherosclerosis. It has also been reported that TrxR plays a significant role in preventing the development of atherosclerosis by reducing oxidative stress and increasing NO bioavailability [16, 20] .
In epidemiological studies, however, the associations of low Se status in humans with increased risk of heart diseases and mortality are still uncertain and controversial [21, 22] . Early supportive evidence from epidemiological studies in the USA suggested that a higher mortality of heart diseases was linked to Se-deficient areas [23, 24] . However, subsequent epidemiological studies from other countries -in particular, Finland, a country of low Se status -gave inconclusive results [25] . A recent epidemiological study in the USA also did not show the inverse relationship between heart diseases and Se status [26] .
Even though there has been no conclusive evidence from epidemiological studies to support the role of Se in heart diseases in a population with low Se status, there has been an increased interest in the study of the antioxidative effects of GPx and TrxR in myocardial ischemia-reperfusion (I/R) injury. It has been recognised that I/R injury leads to the production of ROS, which are harmful to tissue [27] . Elevated levels of Trx have been reported in male patients with chronic heart failure in response to increased oxidative stress, such as lipid peroxides, which may indicate the potential of Trx levels as a biomarker for monitoring disease development [28] . A high-Se diet can considerably reduce the effects of reperfusion, and when Se becomes deficient, it can significantly impair intrinsic myocardial tolerance to ischemic insult [29] [30] [31] . In a recent study, the addition of sodium selenite to reperfusion solutions at certain concentrations was found to assist in cardiac recovery following ischemia reperfusion in rats [32] .
The potential use of Se compounds for the prevention and treatment of heart conditions has led to the synthesis of these compounds and to the testing of their biological activities that mimic the antioxidant activity of selenoproteins. One of the organoSe compounds that has been extensively investigated for its biological activity is ebselen [2-phenyl-1,2-benzisoselenzol-3(2H)-one] [33] . Ebselen has been shown to exhibit a weak glutathione peroxidase-like activity in vivo and could be a promising cardioprotective agent for myocardial ischemia-reperfusion (I/R) injury. In animal studies, ebselen can have cardioprotective effects when administered orally before ischemic reperfusion, and this may involve the induction of stress protein HSP27 and the preservation of glutathione (GSH) [34] . Ebselen has also been shown to have a neuroprotective effect on stroke in a rabbit embolic stroke model, and when it was administered concomitantly with a thrombolytic tissue plasminogen activator, there were significant behavioural improvements in rabbits [35] . The efficacy of ebselen as a neuroprotective agent has also been demonstrated in humans, where there was a significant improvement in patients who were given ebselen within 24 h of stroke onset [36] . The effectiveness of ebselen as an antioxidant is not only for its ability to mimic the GPx, but it is also an excellent substrate for mammalian TrxR for the catalysis of hydrogen peroxide reduction via the Trx/ TrxR system [37] .
Selenium and cancer
There have been numerous animal studies indicating the important role of Se in reducing and preventing the incidence of cancer initiated by a variety of carcinogens, including chemicals and radiation. These findings from animal studies have led to significant interest in the investigation of the role of Se as a chemoprevention in humans. Evidence from human epidemiological studies has increasingly indicated a inverse relationship between Se status and cancer risk in human populations. The hallmark study of Clark and colleagues [38] reported that people who supplemented their diet with selenized yeast, predominantly in the form of selenomethionine (200 lg/day), had a reduction of nearly 50% in overall cancer morbidity. This study, designed as a randomised, double-blind and placebo controlled trial, also showed low incidence of prostate, lung and colon cancers. Subsequent epidemiological studies by other researchers have obtained inconclusive findings on the relationship between Se status and the incidence of some forms of cancer, particularly prostate cancer. In a prospective study of case-control design, high toenail Se levels were associated with a reduced risk of advanced prostate cancer [39] . In another study, no association was observed between toenail Se levels and breast cancer in women or prostate cancer in men [40] . These investigators suggested that the effects of smoking and dietary habits of the subjects could have contributed to these inconclusive findings. In a British study, the levels of Se in fingernails and the risk of prostate cancer in men also did not show any correlation [41] . Similarly, a recent study also showed that the overall serum Se level was not associated with prostate cancer risk in a large cohort study of nested case-control design [42] . However, when the data were analysed to include high intake of vitamin E, multivitamin and smoking by these men, there were associations between serum Se concentrations and reduced prostate cancer risks. A recent metaanalysis also indicated a possible inverse association between Se levels and risk of prostate cancer [43] . A larger prospective study, the selenium and vitamin E chemoprevention trial (SELECT) involving 32,400 healthy North American men, was started in 2001 and is to be completed in 2013. This study is designed as a randomised, doubleblind, and placebo-controlled trial to determine the effect of Se and vitamin E, individually and in combination, on the incidence of prostate cancer [44, 45] . There is no doubt that the results of this SELECT phase III trial are eagerly anticipated as this may provide further information that Se supplementation at its supranutritional level is critical in prevention and development of prostate cancer. A similar prospective study could also be designed for other cancers to determine the chemopreventive effect of Se. For instance, Se has also been reported to have a beneficial effect on the incidence of gastrointestinal and bladder cancers [46, 47] .
Even though Se is reported to play a significant role in cancer development, its exact anticancer mechanism of action at molecular levels is not fully understood. However, it has been hypothesised that the most possible mechanistic action of Se as chemoprevention is its role in the antioxidant defense systems to reduce oxidative stress and limit DNA damage [48] [49] [50] [51] [52] . Experiments carried out within the framework of a canine model using male beagle dogs to mimic prostate cancer in humans showed that the damage to DNA was significantly reduced when the animals were exposed to increased Se dietary supplements [53] . Karunasinghe et al. [54] found a significant inverse relationship between the reduction of DNA damage in blood leucocytes and high blood serum Se levels in men who had high prostate-specific antigen and a high prostate cancer risk. The effectiveness of Se in the prevention of DNA damage, however, depends on its chemical forms. In an in vitro study, Battin et al. [55] found that selenocysteine inhibited DNA damage more strongly than the selenomethionine. Other possible anticancer mechanisms of Se include the induction of apoptosis, cell-cycle arrest and DNA-repair genes, inhibition of protein kinase C activity and cell growth and effect on estrogen-and androgen-receptor expression [49, 52, 56] . It is important that all of these potential mechanisms be explored further and that their specific actions on cancer development be identified at both the molecular and genetic levels. Until these mechanistic modes of action are identified, the efficacy of Se in chemoprevention and its therapeutic importance will only depend on its high dietary intake and supranutritional supplementation (200-300 lg Se/day).
Selenium in immunity and thyroid hormone
The generation of ROS in a limited dose is one of the processes induced by the immune system to destroy microbial pathogens and viruses. However, the over-production of ROS can also cause damage to the host cells that need to be protected by Se at various stages in the immune system. Keshan disease, an endemic cardiomyopathy in China that develops as a result of Se deficiency, may also be complicated with viral infection, and this has led to the investigation of the effects of viruses, such as coxsackievirus, on Se-deficient animals [57, 58] . Results from animal studies have demonstrated that Se deficiency can lead to an impairment of immune functions that result in the inability of phagocytic neutrophils and macrophages to destroy antigens. A low Se status in humans has been reported to cause a decreased immune response to poliovirus vaccination [59] . This study also demonstrated that the subjects supplemented with Se showed less mutations in poliovirus than those who received a placebo. The involvement of Se in the immune system may be associated with a number of mechanisms, including the increased activity of natural killer (NK) cells, the proliferation of T-lymphocytes, increased production of interferon c, increased high-affinity interleukin-2 receptors, stimulation of vaccine-induced immunity and increased antibody-producing B-cell numbers [60, 61] .
The importance of Se in improving the immune system has also a beneficial effect on the reduction of antibody load in autoimmune thyroiditis, a condition associated with euthyroidism or hypothyroidism that can be caused by a number of factors, such as the presence of the cytotoxic T lymphocyte A4 promoter, iodide intake, immunotherapeutic agents and viral infections [62] . Selenium supplementation has resulted in the improvement of inflammatory activity in patients with autoimmune thyroiditis [62] . The human thyroid gland is known to contain the highest amount of Se per gram of tissue than any other body organ. The deiodinases (Type I, II, III) are Se-containing enzymes that play important roles in thyroid hormone metabolism. It has been hypothesised that the possible mechanism of Se in reducing the effect of thyroid autoimmunity may involve the role of GPx and TrxR as antioxidant defense systems for the removal of the ROS and excess hydrogen peroxide (H 2 O 2 ) produced by thyrocytes during thyroid hormone synthesis [63, 64] . Severe nutritional Se deficiency could result in an increased rate of thyroid cell necrosis and the invasion of macrophages; however, whether this also may induce an increased incidence of autoimmune thyroiditis is yet to be established. Combined deficiencies of both Se and iodine are associated with severe endemic myxedematous cretinism in a region of Zaire [65] . Observations that Se is protecting the thyroid from oxidative damage are supported by animal studies, which suggest that myzoedematous cretinism may also the result of Se deficiency that induces an inflammatory response [66] . Efficiency in selenoprotein biosynthesis also plays a crucial role in thyroid hormone metabolism. A defect in selenocysteine during selenoprotein biosynthesis as a result of the mutation of the selenocysteine insertion sequence (SECIS)-binding protein 2 (BP2) can cause abnormalities in the deiodinases and defective thyroid metabolism [67] .
Selenium nutritional requirements
Foods are the major source of Se and, in general, seafood, cereals and meat products contain relatively high levels of Se, while low levels are found in milk, vegetables and fruit [68, 69] . The levels of Se in foods can vary widely between geographical regions depending on soil Se levels, and these wide variations in soil Se level are reflected in the wide variations found in the Se status of human populations around the world [70] . Concern for low Se status in human populations has led to a number of measures to improve Se status, such as the importation of Australian high-Se wheat to New Zealand, the addition of Se to fertilizers in Finland and the consumption of Se-fortified foods in some countries [71] [72] [73] . Based on the experience of the Finnish population with improved Se status after applying Se fertilizers to crops, the biofortification of selected agricultural crops, such as wheat with Se, may be an effective strategy to increase Se status in a population that may be at risk of Se deficiency-related diseases [74, 75] .
Selenium in foods and biological materials can exist in both organic and inorganic chemical forms [76, 77] . In turn, the chemical form of the Se can affect its bioavailability from diet. In general, the organic forms, such as selenomethionine, are more bioavailable than the inorganic selenites or selenates. In order to ensure an adequate intake of Se for the benefit of human health, many countries have established dietary guidelines [78, 79] . In Australia and New Zealand, for example, the recommended dietary intakes (RDI) for Se are 70 lg/day for adult men and 60 lg/day for women [80] . A secondary aim for establishing these RDI guidelines is to make it clear that only a small amount of Se is sufficient to meet body Se homeostasis. However, there is still a concern that if the use of Se supplements is not properly regulated, high Se intake can cause toxicity and adverse health effects [81, 82] . Such a case is exemplified by death of a 75-year-old Australian man following his over-zealous use of Se supplements: he ingested 10 g of sodium selenite after he found information on the internet that suggested Se could cure prostate cancer [83] .
Conclusion
Research on Se during the last few years has produced a great deal of evidence demonstrating the important role that Se and its metabolites play in human diseases. In particular, our knowledge of the functional roles of the GPx and TrxR groups as essential antioxidant selenoenzymes in protecting cells from oxidative stress has greatly increased, as has the link between these enzymes and various diseases. However, there are still areas of research that require in-depth study, including the mechanistic modes of action of Se in cancer etiology, how Se delivers its anticancer activity at the molecular and genetic levels, and what biomarkers can be used to accurately measure the efficacy of Se for use in chemoprevention. Similarly, there is still a gap in our knowledge on the specific mechanism by which Se protects cells and tissue at the cellular level from damage due to oxidative stress; this is particularly relevant in heart diseases, which are still a major cause of death worldwide. Given the number of Se cancer preventive trials that are currently being undertaken in many countries, the significant outcomes of these trials will not only provide us with more information on optimal Se intake for the treatment and prevention of cancer, but they will also provide us with strategies in the management of other potential human diseases associated with low Se status. Until the specific biomarkers are identified that will directly link Se with disease prevention and treatment, its use as supplements in health therapy should be taken with caution.
